Poly(1-vinyluracil) and poly(9-vinyladenine), as well as the corresponding polynucleotides poly-(uridylate) and poly(adenylate), inhibit acute murine leukemia virus infection in mouse-embryo cells, but they do not significantly inhibit the replication of Sindbis and vesicular stomatitis viruses. The polymers were most effective as inhibitors when added during an early stage of virus replication. Effects of vinyl polymers on the RNAdependent DNA polymorase from the virions of murine leukemia virus were also observed.
The replication of some RNA viruses, including oncogenic viruses, can be inhibited in vitro by polymers that are-to some degree-similar to the viral genome (1, 2) . This observation suggests that it may be possible to design macromolecules that would inhibit viral replication without interfering significantly with host-cell metabolism, since the viral replicases have not been found in host cells. In addition, macromolecules are taken into cells through pinocytotic vesicles, rather than by diffusion through the cell membrane as are substances of low molecular weight. Since high pinocytotic activity appears to be characteristic of many tumor cells, macromolecules could be expected to be taken up preferentially by some types of neoplastic cells (3, 4) .
In this work, we report that even some very distant analogs of polynucleotides can interfere effectively with virus replication in tissue culture and with the activity of viral RNAdirected DNA polymerase in vitro. The active compounds studied are vinyl analogs of polynucleotides, poly (1-vinyluracil) (5) and poly(9-vinyladenine) (6) (Scheme I). These polymers (molecular weight more than 105) are electrically neutral, stable to chemical and enzymatic hydrolysis, and form complexes with complementary polynucleotides. These complexes do not have the simple stoichiometry found in nucleic acids; however, they resemble strongly distorted helical complexes of nucleic acids when examined by electron microscopy (7) . The structural differences between vinyl polymers and polynucleotides, and the lack of sugar moieties and phosphate groups in the vinyl polymers, are probably the reasons why such polymers cannot serve as templates for transcription or translation. However, this lack -of template activity does not mean that vinyl polymers are without any effect on the template-catalyzed enzymatic reactions. By complexing with template, they can interfere with its function in vitro (ref. 8 (27) ; only viable cells were counted. X --X, control; A--A, 1OM; ----0, 100,M;O---, 1 mM. (13) . However, in their system poly(U) was inactive; this difference in activity may be due to the difference in poly(U) preparations used. Factors such as their molecular weight are of critical importance for the activity of polynucleotides, as the extent of cellular uptake of macromolecules seems to be directly proportional to their molecular weight (14) . Table 1 compares the effects of treatment with poly(A) and poly(vinyladenine), either before or after inoculation with virus. The maximum inhibitory effect of poly(A) was achieved with either 2 hr of treatment before infection or with treatment during the first 6 hr after virus inoculation. After the first 6 hr after infection, the inhibitory effect of poly(A) is much less profound. Poly(vinyladenine) was also able to inhibit MLV replication, although the inhibition was less than that observed with poly(A). However, the inhibitory effect of poly(vinyladenine) was observed not only during the early stages of the replicative cycle, but also when it was added as late as 12 hr after infection. While poly(A) at 0.1 mM inhibited MLV replication completely, poly(vinyladenine) at the same concentration was inactive.
A comparison of the effects of poly(U) and poly(vinyluracil) is presented in Table 2 . Poly(U) inhibits virus replication most effectively when it is applied during the early stages of infection. Even at a low concentration of poly(U), there is more than 60% inhibition of virus replication. Poly(vinyluracil), which was tested at a concentration that does not cause cell toxicity, showed a maximum of 50% inhibition when added before virus inoculation. Once again, a small inhibitory effect was observed even when poly(vinyluracil) was added 12 hr after infection. Thus, both vinyl polymers seem to have a small, but definite, effects, even on the later events in MLV replication, while the effect of the corresponding polynucleotides is apparently confined to the early stages in viral replication. the other hand, the RNA that is present in Sindbis virus acts directly as viral mRNA (15) . Data in Table 3 show that neither the polynucleotides nor their vinyl analogs affect the replication of these two viruses. Furthermore, none of the tested polymers affected the adsorption and yield of vesicular stomatitis virus in 3T3 cells or of Sindbis virus in human fibroblast cells. Infection with each virus was performed in nongrowing cells, where cell division was stopped by contact inhibition, thus permitting the use of a much higher concentration of poly(vinyluracil) than that used for inhibition of MLV.
In vitro effects on RNA-dependent DNA polymerase
The inhibitory effect of single-stranded polynucleotides on the DNA polymerase present in virions of oncornaviruses has been well documented (2) . To determine if vinyl polymers could affect the in vitro activity of the DNA polymerase of MLV as well, we performed two sets of experiments. In the first set, we followed the conditions used by Brockman et al. (16) for the study of inhibitors of low molecular weight. Under these conditions, virus particles are only partially disrupted by detergent and endogenous template is used. The results are summarized in Fig. 2 . Poly(U) partially inhibits the reaction, whereas poly(A) increases the incorporation of deoxyribonucleoside triphosphates into the macromolecular fraction. Both vinyl analogs are without any distinct influence. In the other set of experiments, the conditions of Baltimore and Smoler (17) were used, where the use of a higher concentration of detergent more fully disrupts the virus particles. The results are summarized in Fig. 3 (17) .
DISCUSSION
The evidence for adenine-rich sequences in the 70S RNA of oncogenic RNA viruses and the obvious requirement of these regions for RNA-dependent DNA polymerase activity (18) (19) (20) (21) suggest means by which the activity of this enzyme may be blocked. Thus, it was shown that in in vitro systems, the DNA polymerase from MLV can be inhibited completely by poly(U), and to a lesser degree by other single-stranded polynucleotides (2) . This result may indicate that the affinity of the enzyme for poly(U) is higher than its affinity for poly(A); however, one cannot determine from the results whether the observed inhibition by poly(U) is due to the binding of the polynucleotide to the active site of the enzyme, or whether it may be due to a binding to the template leading to a change
The observed in vitro inhibition of DNA polymerase activity of MLV by poly(vinyluracil) is probably due to templateinhibitor interaction, rather than to enzyme-inhibitor interaction. We have found that poly(vinyluracil) binds through base-pair formation to poly(A), and that this binding is a specific process (7) . The The mechanism of inhibition of MLV replication by polynucleotides and their vinyl analogs in vivo might be due to interference with those steps in viral replication that are catalyzed by the virion RNA-dependent DNA polymerase. However, there is an apparent lack of correlation between the observations in vivo and the experiments in vitro, which were done without the addition of an exogenous template. This discrepancy may be due to differences in accessibility; the conditions of the reaction in vitro may not allow the polymers to penetrate inside the virus particle. The possibility that poly(vinyluracil) and poly(vinyladenine) could directly inhibit the functional expression of poly(A)-rich sequences present in high amount in 70S RNA from MLV must also be considered. Both cellular RNA (heterogeneous and messenger) (23, 24) and the mRNA of the examined lytic viruses (25, 26) contain some poly(A)-rich stretches, although probably the percentage is lower than in the MLV genome (18) . Therefore, the assumption that the observed inhibition is related to interference with the functions of poly(A) sequences could be applied only in a differential way.
In conclusion, we would like to point out that although the inhibitory effects of vinyl polymers in this system were lower than the ones observed for the corresponding polynucleotides, their action may be generally more selective. Since vinyl polymers do not serve as a template for any enzymatic reaction and do not bind to ribosomes (8) less interference with the cellular metabolism than in the case of polynucleotides may be expected. They are not enzymatically hydrolyzable; in some systems, this may be an important requirement, as the uptake of macromolecules seems to be directly proportional to their size. Small fragments, even when effective in vitro, would not show any activity in vivo simply because they would never get inside the cell.
NOTE ADDED IN PROOF
The effects of 1 mM poly(A) and 1 mM poly(vinyladenine) on the number of infectious centers at 24 hr after infection and virus yield at 36 hr after infection were also determined for single-step infection of mouse-embryo cells with MLV.
in the secondary structure of the recognition sites.
Proc. Nat. Acad. Sci. USA 70 UM)
With poly(A), the number of infectious centers and the virus
